We report a systematic investigation of dc magnetization and ac susceptibility, as well as anisotropic magnetic entropy change in trigonal Cr0.62Te single crystals. A second-stage magnetic transition observed at low field indicates the presence of an additional magnetic phase below the Curie temperature Tc. The maximum magnetic entropy change −∆S 
I. INTRODUCTION
Intrinsic long-range ferromagnetism recently achieved in atomically thin van der Waals (vdW) crystals opens up great possibilities for both investigating fundamental two-dimensional (2D) magnetism and engineering novel spintronic vdW heterostuctures. [1] [2] [3] [4] [5] Chromium trihalides CrX 3 (X = Cl, Br, I) and trichalcogenides Cr 2 X 2 Te 6 (X = Si, Ge, Sn) are such promising candidates as a result of intrinsic magnetocrystalline anisotropy.
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Binary chromium chalcogenides, sulfides and selenides are mostly antiferromagnetic (AFM), [8] [9] [10] [11] [12] however some tellurides are ferromagnetic with T c of 170 ∼ 360 K.
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Cr 1−x Te with x < 0.1 crystallize in the hexagonal NiAs structure, while Cr 3 Te 4 (x = 0.25) and Cr 2 Te 3 (x = 0.33) form monoclinic and trigonal crystal structures where Cr vacancies are present in every second metal layer. Neutron-diffraction measurement shows that the saturation magnetization in Cr 1−x Te is small due to possible spin canting and itinerant nature of the d electrons. 15, 20 Electron correlation effect in itinerant ferromagnets has also been discussed in the photoemission spectra. 21 There have been only several studies on Cr 1−x Te with x = 0.375 which exhibits a higher T c in the trigonal, when compared to monoclinic space group. 17, 22, 23 Magnetocaloric effect (MCE) in the FM vdW materials provides important insight into the magnetic properties. Fe 3 GeTe 2 with T c = 225 K shows the maximum value of magnetic entropy change −∆S 
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In this work we address the anisotropic MCE in the trigonal Cr 0.62 Te by heat capacity and dc magnetization measurements. Ac susceptibility measurements indicate a satellite magnetic transition just below T c . The magnetocrystalline anisotropy constant K u is confirmed to be temperature-dependent. Isothermal magnetic entropy change ∆S M (T, H) can be well scaled onto a universal curve independent on temperature and field. Moreover, the −∆S M follows the power law of H n with n reaching a minimum at T c = 230 K.
II. EXPERIMENTAL DETAILS
Single crystals of Cr 0.62 Te were fabricated by the selfflux method and characterized as described previously.
26
The x-ray absorption spectroscopy measurement was performed at 8-ID beamline of the National Synchrotron Light Source II (NSLS II) at Brookhaven National Laboratory in the fluorescence mode. The x-ray absorption near edge structure (XANES) and the extended x-ray absorption fine structure (EXAFS) spectra were processed using the Athena software package. The extracted EX-AFS signal, χ(k), was weighed by k 2 to emphasize the high-energy oscillation and then Fourier-transformed in a k range from 2 to 12Å −1 to analyze the data in R space. The heat capacity was measured in Quantum Design PPMS-9 system with out-of-plane field up to 5 T. The magnetization data as a function of temperature and field were collected using Quantum Design MPMS-XL5 system in temperature range 200 ∼ 280 K with a step of 4 K and field up to 5 T.
III. RESULTS AND DISCUSSION
The crystal structure of trigonal Cr 0.62 Te was successfully refined in the space group P3m1 with four crystallographically different sites for both Te and Cr.
27 Figure 1 shows the normalized Cr K-edge XANES spectra and Fourier transform magnitudes of EXAFS spectra of trigonal Cr 0.62 Te measured at room temperature. The XANES spectra is close to that of Cr 2 Te 3 with Cr 3+ state. 28 The prepeak feature is due to a direct quadrupole transition to unoccupied 3d states that are hybridized with Te 4p orbitals. In the single-scattering approximation, the EXAFS could be described by the following 
equation:
where N i is the number of neighbouring atoms at a distance R i from the photoabsorbing atom. S 2 0 is the passive electrons reduction factor, f i (k, R i ) is the backscattering amplitude, λ is the photoelectron mean free path, δ i is the phase shift of the photoelectrons, and σ 2 i is the correlated Debye-Waller factor measuring the mean square relative displacement of the photoabsorber-backscatter pairs. The structural model includes the Cr2 (site 6i) and Cr3 (site 2c) that occupy the vacancy-free atomic layers; the Cr1 (site 1b) and Cr4 (site 3e) distribute in the metal deficient layers. This arrangement results in a five layer superstructure of the simple CrI 2 structure type. 27 The corrected main peak around R ∼ 2.7Å in Fig. 1 structure. 27 The peaks in high R range are due to the longer Cr-Cr (3.01 ∼ 3.05Å) [Te-Te (3.66 ∼ 3.76Å)] bond distances and multiple scattering effects.
Figure 2(a) shows the low temperature thermal demagnetization for Cr 0.62 Te with out-of-plane field of 10 kOe. For a localized moment, this is generally understood with the spin-wave (SW) excitations which follow Bloch equation, ∆M/M (0) = AT 3/2 + BT 5/2 + ..., where M (0) is the magnetization at 0 K, A and B are the coefficients. [30] [31] [32] In an itinerant or band magnetism such temperature dependence is a result of excitation of electrons from one subband to the other. The single-particle (SP) excitation is generally expressed as, ∆M/M (0) = CT 3/2 exp(−∆/k B T ), where C is the coefficient, ∆ is the energy gap between the top of full subband and the Fermi level, and k B is the Boltzmann constant.
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Satisfactory fit obtained only incorporating both SW and SP models indicates the presence of both localized and itinerant type of magnetic moment in Cr 0.62 Te. The fitting yields A = 1.48(9) × 10
, and ∆ = 116(3) meV. This is in line with the small saturation moment and strong electron correlation in Cr 1−x Te.
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Temperature-dependent zero-field cooling (ZFC) and field-cooling (FC) magnetization M (T ) for Cr 0.62 Te was measured in H = 10 kOe [inset in Fig. 2(a) ] and H = 10 Oe [ Fig. 2(b) ] for both H//ab and H//c. An apparent increase in M (T ) near T c on cooling from high temperature corresponds well to the reported paramagnetic (PM) to FM transition. 17 With further cooling, the M (T ) increases monotonously for H//c, but decreases below T ∼ 200 K for H//ab at 10 kOe, indicating the presence of large magnetocrystalline anisotropy. This is more obvious in lower magnetic field H = 10 Oe [ Fig. 2(b) ]. We observe the divergence of ZFC and FC curves below T c for H//c at 10 Oe, arising from the anisotropic FM domain effect, and another kink feature just below T c . Figure 2 (c) presents the temperature dependence of ZFC ac susceptibility measured with oscillated ac field of 3.8 Oe and frequency f = 499 Hz applied in the ab plane and along the c axis, respectively. A pronounced peak is observed at T c in the real part m ′ , i. e. at 238 K for H//ab and at 231 K for H//c, respectively. It is interesting to note that an additional anomaly occurs just below T c , as seen in an obvious hump in the imaginary part m ′′ at 199 K for H//c. This second-step transition could be ascribed to possible magnetocrystalline anisotropy induced spin reorientation from the ab plane to the c axis. The field dependence of magnetization M (H) exhibits a clear FM behavior at low temperature and a linear PM behavior with small slope at 300 K [ Fig. 2(d) ]. The magnetization is much easier to saturate for H//c than for H//ab, indicating that the c axis is the easy magnetization direction. The saturation field for H//c is H s ≈ 3 kOe and the saturation moment at 5 K is M s ≈ 1.814(1) µ B /Cr. Figure 3(a) shows the temperature dependence of heat capacity C p for Cr 0.62 Te measured in zero-field and outof-plane fields of 2 and 5 T, respectively. A broad peak is observed at 230 K in zero field. It is gradually suppressed and shifts to higher temperature with increasing field. This is a typical behavior of PM-FM transition, in line with the magnetization data. Then we can calculate . 25 Since there is a large magnetic anisotropy in Cr 0.62 Te, it is of interest to calculate the individual magnetic entropy change for the two directions, respectively.
Figures 4(a) and 4(b) present the magnetization isotherms with field up to 5 T in the temperature range from 200 to 280 K for both H//ab and H//c. When H//ab, the saturation field H s is associated with the magnetocrystalline anisotropy parameter K u and the saturation magnetization M s , i.e., 2K u /M s = µ 0 H s , where µ 0 is the vacuum permeability.
33 Figure 4 (c) shows the temperature dependence of derived K u for Cr 0.62 Te, which is about 94 kJ cm −3 at T = 160 K and decreases with increasing temperature. This tendency arises solely from a large number of local spin clusters fluctuating randomly around the macroscopic magnetization vector and activated by a nonzero thermal energy. 34, 35 In a simple classical theory,
, where K (n) is the anisotropy expectation value for the n th power angular function, 34, 35 in the case of uniaxial anisotropy n = 2 and of cubic anisotropy n = 4, leading to an exponent of 3 and 10, respectively. The temperature-dependent the predominant uniaxial anisotropy with some deviation to cubic anisotropy in Cr 0.62 Te.
The magnetic entropy change can be calculated as:
where
is based on Maxwell's relation. In the case of magnetization measured at small discrete field and temperature intervals, ∆S M (T, H) can be approximated as: Figures 5(a) and 5(b) show the calculated −∆S M (T, H) as a function of temperature in selected fields up to 5 T with a step of 1 T applied in the ab plane and along the c axis, respectively. All the −∆S M (T, H) curves feature a peak around T c , similar to those obtained from the heat capacity [ Fig. 3(b) ]. The peak broadens asymmetrically on both sides with increasing field. Furthermore, the value of −∆S M (T, H) increases monotonically with increasing field; the maximum value of −∆S M with field change of 5 T reaches 1.39 J kg with in-plane field is observed. This originates most likely from the competition of temperature dependence of magnetic anisotropy and the magnetization. The magnetic anisotropy decreases with increasing temperature, whereas the magnetization may exhibit opposite behavior. At low fields, the magnetization at higher temperature could be larger than that at lower temperature For a material displaying a second-order transition, 37 the field dependence of the maximum magnetic entropy change should be −∆S max M = aH n , where a is a constant and the exponent n at T c is related to the critical exponents as n(T c ) = 1 + (β − 1)/(β + γ), where β, γ, and δ are the critical exponents related to the spontaneous magnetization M s below T c , the inverse initial susceptibility H/M above T c , and the isotherm M (H) at T c , respectively. 37, 38 Another important parameter is the rel- 
